[1] Extensional fault systems in the Earth's crust can exhibit two end-member geometries that we identify as distributed and localized faulting regimes. A satellite image analysis of fault populations from the Main Ethiopian Rift-Afar area reveals that the rift architecture contains these two faulting regimes. The occurrence of these regimes reveals a jump in the scale of fault segmentation and linkage. Strain localization at rift border zones exhibits particularly large-scale fault linkage and a power law size distribution. This regime replaces prior distributed fault systems, showing smallscale fault linkage and an exponential size distribution. The distributed faulting is interpreted as confined to the thick trap basalt carapace. We show that continental fault systems can develop by a combination of these two geometries, and we demonstrate how to quantitatively decipher the jump between them. Citation: Soliva, R., and R. A. Schultz (2008), Distributed and localized faulting in extensional settings:
Introduction
[2] In recent decades, quantitative analyses of fault populations in the Earth's crust have been mainly designed (1) to evaluate theories of fault growth [Walsh and Watterson, 1987; Lin and Parmentier, 1988; Cowie and Scholz, 1992; Cowie and Shipton, 1998; Schultz and Fossen, 2002] and (2) to predict fault geometries [Pickering et al., 1997; Maerten et al., 2002; Walsh et al., 2003; Soliva and Benedicto, 2004] , which find applications in seismic hazard assessment and prediction, oil and gas exploration, hydrogeology, and waste storage. Other studies have aimed (3) to constrain geometrical terms in brittle strain analytical solutions [Scholz and Cowie, 1990; Schultz, 2003] and (4) to understand rift geometry [e.g., Gupta and Scholz, 2000a] . However, very few fault system analyses focused on evaluating distribution and localization of faulting, despite its importance in the understanding of extensional fault system formation, seismicity localization, and the process of continental rifting.
[3] We define ''distributed faulting'' as fault systems composed of multiple fully overlapping and regularly spaced faults of small relative displacement [Cowie et al., 1994; Ackermann et al., 2001; Soliva et al., 2006] . In contrast, we define ''localized faulting'' as fault systems composed of interacting and linked faults that lead to the formation of a few very large faults accommodating a large proportion of the cumulative fault system strain [e.g., Scholz and Cowie, 1990; Cowie et al., 1995; Cladouhos and Marrett, 1996] .
[4] Analyses of the spatial distribution of faulting in extensional settings have been emphasized and discussed using numerical or analogue modeling of the lithosphere [e.g., Buck, 1991; Hopper and Buck, 1996; Brun, 1999; Corti et al., 2003] . At this scale of deformation (e.g., Basin and Range province versus Main Ethiopian Rift (MER)), strain distribution is assumed to depend on a set of factors that affect the stability of the lithosphere, including strain rate [e.g., England, 1983] , changes in buoyancy forces [e.g., Buck, 1991] and initial weakness [e.g., Fletcher and Hallet, 1983] . In these studies, extension of the brittle crust is the result of the lithospheric strength envelope's stability, and fault populations implicitly form as a result. However, changes in the geometry and other characteristics of the fault populations, paralleling similar observations made at smaller (e.g., outcrop) scales, suggest that distributed and localized faulting can affect, and not just be the result of, extension of the lithosphere [e.g., Handy, 1989] .
[5] Normal fault systems commonly show a large component of strain localized on a few large coalesced faults [Walsh et al., 1991; Cladouhos and Marrett, 1996; Cowie and Shipton, 1998 ], that we define in this paper as ''localized faulting,'' the first end-member regime of fault system growth ( Figure 1a ). Since the beginning of statistical analysis of fault populations [e.g., Villemin and Sunwoo, 1987] , this style of faulting has generally been assumed to be fractal, i.e., fragmented and having self-similar geometrical attributes. Fault system analysis revealed that fault size distribution, displacement length relation (D max -L), spacing (S), overlap (O v ) and connectivity are interdependent parameters and frequently self similar [e.g., Scholz and Cowie, 1990; Dawers et al., 1993; Cowie et al., 1995; Schlische et al., 1996; Cladouhos and Marrett, 1996; Cowie and Shipton, 1998 ].
[6] During the period of application of fractal analyses in the Earth sciences, a few studies revealed the existence of scale-dependent behavior [Cowie et al., 1994; Knott et al., 1996] , which usually corresponds to fault systems showing cussed without particular emphasis on the differences between rift segments and fault system parts of the area [Gupta and Scholz, 2000a; Manighetti et al., 2001] .
[8] In this paper, we first review field data and theories of fault growth consistent with the two end-member faulting regimes mentioned above. Next, we describe a transient intermediate case between these two end-members faulting regimes by providing a detailed analysis of the different structures (rift segments, border zone, plateau area) composing the Main Ethiopian Rift -Afar transition area. Analysis of the geometrical attributes of the faults reveals that the rift architecture is composed of (1) wide zones around rift segments showing a distributed faulting regime and (2) rift border zones characterized by the geometrical attributes of the localized regime. We discuss the coexistence and the spatiotemporal interaction of these fault growth regimes in terms of mechanical layering of the lithosphere and extension rates.
Review of Localized and Distributed Faulting in Extensional Settings

Localized Faulting
[9] When a fault system grows, the increase of fault size (1) increases the volume of reduced stress that shadows the activity of small faults, and (2) allows formation of large faults by coalescence, which promotes a fractal geometry of the fault population [Main et al., 1990; Sornette et al., 1990; Cladouhos and Marrett, 1996] (Figure 2a ). The fault population grows in a scale-invariant and self-organized manner and results in a power law fault size distribution [e.g., Scholz and Cowie, 1990; Schlische et al., 1996] ( Figure 2c ). This power law distribution mainly reflects strain localized along few large faults up to $50% for a case of power law exponent c = 2 [Kakimi, 1980; Villemin and Sunwoo, 1987; Scholz and Cowie, 1990] , with strain distributed on relatively small faults in a complementary proportion [Walsh et al., 1991] .
[10] Also observed along these examples, and very important for the aim of the present study, is a self-similar geometry of the fault segmentation (i.e., spacing, overlap, and displacement at relay zones) [Peacock, 2003; Soliva and Benedicto, 2004] . This scale-invariant process of linkage allows the formation of very large faults by linkage of smaller growing segments and therefore enhances the development of power law size distribution [e.g., Cowie et al., 1995] . Figures 1a and 2a summarize this process by selfsimilar morphologies of linked and non linked segments present at various scales of a fault system. To understand this, Gupta and Scholz [2000b] showed that interaction and subsequent linkage develop preferentially for similar spacing/overlap ratios independent of the scale of observation. This therefore suggests that a self-similar segmentation geometry is mechanically possible in a fault population if the shear stress perturbation around the faults scales linearly with their length. A self-similar distribution of the stress reduction around faults is predicted where fault geometry and especially displacement-length scaling are on average scale-invariant.
[11] In this localized regime, fault displacements provide an important constraint. The displacement distribution of isolated faults entirely contained in homogeneous rocks has been documented as nearly linear between the fault tip and D max . A linear D max -L scaling for fault populations has been also found for the same conditions [e.g., Cowie and Scholz, 1992; Clark and Cox, 1996; Soliva, 2004] . These attributes can be explained by three-dimensional (3-D) scaling postyield fracture mechanics (PYFM) [see Cowie and Scholz, 1992; Schultz and Fossen, 2002] conditions with a constant, self-similar, aspect ratio L/H = 2 (Figure 2e ). For these examples of growth in homogeneous rock, the displacement-length ratio of isolated faults is self similar (probably associated with radial fault propagation) and fault size distribution as well as the geometry of fault segmentation are scale-invariant. All these attributes are mechanically consistent and promote faulting in this first end-member regime.
Distributed Faulting
[12] The second end-member case concerns normal fault populations growing confined within a brittle layer of finite thickness. This scenario, analyzed by Soliva et al. [2006] for mesoscale fault systems, is characterized by faults growing with their vertical extent being limited, or restricted, by layers acting as mechanical barriers. This process leads to faults that grow in length with constant fault height and to a horizontally distributed fault system. Such vertically restricted faults are inferred from field observations as long segmented fault scarps of approximately constant height [also see Nicol et al., 1996; Koledoye et al., 2000] . In this regime, presented in Figures 1b and 2b, 2d , and 2f, isolated faults are no longer self similar in length and displacement distribution since they are vertically restricted, generally exhibiting flat topped displacement profiles [Ackermann et al., 2001; Soliva et al., , 2006 .
[13] The good correspondence between field observations and numerical modeling shows that regular fault spacing is due to the limited extent of the shear stress drop zone around the faults that is, in turn, a function of the short and constant fault height in the fault system [Soliva et al., 2006] . This effect also limits the maximum distance for strong fault interaction, therefore controlling the dimensions of relay ramps and eventual fault linkage. This behavior (not restricted to a particular fracture mode) is not consistent with self-similar fault segmentation, but instead is related in a scale-dependent manner to the thickness of the brittle layer in which the faults are confined (see Schultz and Fossen [2002] for deformation bands and Hu and Evans [1989] , Rives et al. [1992] , and Bai and Pollard [2000] for joints). This ''scale-dependent distributed regime'' is therefore nonfractal and is characterized instead by a negative exponential size distribution (Figure 2d ) when it is observed in the antiplane (horizontal for normal faults) dimension (Figure 2b ). This exponential size distribution, which differs from the power law size scaling observed in nonrestricted fault systems (Figure 1) , shows a smaller proportion of small faults and especially the absence of very large throughgoing faults that accumulate high strain compared to power law distributions (scale-invariant localized regime). Fault interaction and linkage are limited to specific (maximum) extent of stresses around the faults which is not linearly related to fault length, but instead is a function of the layer thickness [Soliva et al., 2006] . The spatially limited fault interaction [e.g., Willemse, 1997] inhibits the formation of very large faults and therefore the development of a power law size distribution [Ackermann et al., 2001] . Schultz and Fossen [2002] for constant fault height (solid lines) and constant fault aspect ratios (dashed lines). Height and aspect ratios are labeled on graphs. (e, f) Size distributions, which are best explained by negative exponential functions. Equations are labeled. Note the similarities between the two fault systems growing confined to brittle carbonate layers at Fumanyá and to the brittle oceanic crust at the EPR.
[14] The D max -L scaling of these fault systems [Cowie et al., 1994; Carbotte and Macdonald, 1994; dePolo, 1998; Poulimenos, 2000; Manighetti et al., 2001; Bohnenstiehl and Carbotte, 2001; Polit et al., 2005] is well explained by nonlinear growth paths on the D-L diagram (i.e., 3-D PYFM conditions with constant fault height) [Schultz and Fossen, 2002; Polit et al., 2005; . Cowie et al. [1994] describe fault populations at the East Pacific Rise (EPR) where brittle strain is distributed on nearly evenly spaced faults (Figure 2b ), along which displacement profiles are flat topped [see Cowie et al., 1994, Figure 8] . The fault system has been interpreted to indicate growth within (i.e., confined to) the oceanic brittle crust [Cowie, 1998; Bohnenstiehl and Kleinrock, 2000; Garel et al., 2002] . These faults show nonlinear D max -L scaling with a significant and progressive decrease in the D max /L ratio for the faults measured (Figure 2f ) [Cowie et al., 1994] , suggesting that the brittle crust thickness controls the displacement maxima and displacement distributions on the faults. Figure  2f shows two 3-D scaling simulations produced using 3-D PYFM conditions for faults growing at constant height, consistent with a likely range of brittle crust thicknesses near the EPR [e.g., Bohnenstiehl and Carbotte, 2001] . The good correspondence between the 3-D scaling fits and the data (also observed at the Mid Atlantic Ridge for larger crust thickness, D. Bohnenstiehl (personal communication, 2007) suggests that the layer thickness is a major factor for the control of the fault system geometry [Cowie, 1998 ].
[15] It is also worth noting that intermediate cases, i.e., sublinear D max -L scaling and nearly power law size distributions, were found in both crustal-scale continental and oceanic contexts, and therefore in rheologically inhomogeneous sequences [Marrett and Allmendinger, 1991; Scholz and Contreras, 1998; Kleinrock, 1999, 2000] . At smaller scale, a normal fault system at Canyonlands National Park (Utah, USA) exhibits average linear scaling although the strain is distributed along regularly spaced grabens [e.g., Trudgill and Cartwright, 1994] . In this case, ductile flow of evaporite-rich sediments beneath the faulted sedimentary sequence [Schultz-Ela and Walsh, 2002] may have promoted displacement accumulation nearly proportionally to fault length [Moore and Schultz, 1999] . It is thus possible that variations in viscosity (via strain rate or temperature profile changes) of a strongly inelastic lower unit underneath a faulted brittle layer may also affect fault displacement and strain localization [e.g., Bellahsen et al., 2003] , and can promote a variety of intermediate cases between the two end-members faulting regimes presented.
MER-Afar Transition Area
[16] In this section, we identify the two faulting regimes described above in different locations of the Main Ethiopian Rift (MER)-Afar area. We analyze fault spacing and linkage at relay ramps, as well as the fault size distribution, because as suggested in section 2, these attributes are the best indicators to reveal to which faulting regime a fault set belongs. Here we investigate currently active rift segments from the MER-Afar transition area, which is characterized by exceptionally clear expression of normal fault traces over the whole topography of the region [Barberi et al., 1975; Zanentin and Juste-Visentin, 1975; Gupta and Scholz, 2000a; Manighetti et al., 2001] . Using the concepts presented in section 2, we analyze the surface traces of the normal fault scarps that were mapped using Landsat satellite images.
Geological Setting
[17] The MER-Afar transition area forms the southern part of the triple junction between the Arabian, Nubian, and Somalian tectonic plates (Figure 3a) . Plate motion has been partitioned between still active normal faulting in the East African rift (here the MER), the Gulf of Aden and Red Sea ridges, and by normal and recently sinistral faulting in the Afar depression [e.g., McKenzie et al., 1970; Ayele, 1995; Hofstetter and Beyth, 2003] . Spreading has been interpreted to start $10 Ma or perhaps earlier in the Gulf of Aden [e.g., Cochran, 1981] , and at 4 -5 Ma in the Red Sea [e.g., Roeser, 1975] , while the MER has remained continental since its initiation probably during the Oligocene [e.g., Pilger and Rösler, 1975; WoldeGabriel et al., 1990; Ebinger et al., 1993] .
[18] The study area, exhibiting thousands of normal fault scarps [e.g., Gupta and Scholz, 2000a; Manighetti et al., 2001] , is located between latitudes 9°50 0 N and 11°50 0 N, which is the transition zone between the northern MER and the Goba'ad rift segments. The area is composed of (1) four distinct NNE striking rift segments (with individual topographic depressions due to faulting [Ebinger et al., 1993] ) of the north MER (S 1 -4 windows in Figures 3b and 3c ), (2) a fault set of the Afar depression belonging to the NW striking Goba'ad rift segment (A), (3) a NNE Eastern MER border zone (B), and (4) a relatively elevated plateau area containing sub orthogonal fault sets and the WNW-ESE striking Goba'ad border zone (P-B). The studied faults are steeply dipping ($70°-80°) and affect the subsurface Pliocene-Pleistocene stratoid basalts, cobble and tuff deposits, and Recent lacustrine-eolian sedimentary series [Taieb, 1975] (Figures 3c and 4 and also see Figures 5 and 6 for a more detailed view of the faults). The age of the faults observed at the surface is therefore <1.5 -1 Ma. The faults also cut the Oligocene-Miocene trap series observed along the MER escarpments, and large rift segment border faults probably cut the entire brittle crust [Juch, 1975] . The mechanical stratification of the brittle crust is defined by 1-to 2-km-thick carapace of Ethiopian Traps, 700-to 800-m-thick Amba Aradam and Antalo-Gabreda Mesozoic marine series consisting mainly of limestones, sandstones and shales, and the Pan African basement below ( Figure 4 ) [Juch, 1975; Pilger and Rösler, 1975] .
[19] The onset of extension in the northern part of the MER has been recently dated to $11 Ma, i.e., more than 17 Ma after initial rifting in the southern Red Sea and Gulf of Aden [Wolfenden et al., 2004] . The northwestern tip of the Gulf of Aden ridge (Asal and Goubet) and the southern lateral rift segments of the Red Sea ridge (Manda Hararo and Goba'ad segments) are interpreted to have propagated recently to the north of the MER and form the strict-sense Afar depression [Tapponier et al., 1990; Sigmundsson, 1992; Lahitte et al., 2003] . The Tendaho-Goba'ad discontinuity separates the northern MER with a NNE-SSW trend from the perpendicular Goba'ad rift segment with a WNW-ESE trend (Figure 3b) .
[20] The actual seismicity in the still continental MER crust is consistent with NW-SE extension, with sparse earthquakes generally shallower than 10 km [Kebede and Kulhanek, 1991; Ayele et al., 2004; Keir et al., 2006] . In the studied northern part of the MER, the seismicity is consistent with the main NNE-SSW extension driving the Tendaho-Goba'ad rift segment's propagation [Ayele, 1995; Hofstetter and Beyth, 2003] . The eastern part of the Tendaho Goba'ad discontinuity (i.e., south of Abeh Bad lake) is highly seismically active as mainly normal-slip events accommodated along the WNW-ESE normal faults. The recent strike-slip motions registered along earlier normal fault scarps from the north of the Goba'ad region are interpreted as the result of large-scale horizontal block rotation between the recent Asal-Gouhbet and TendahoGoba'ad active rift propagators [Tapponier et al., 1990; Sigmundsson, 1992; Manighetti et al., 2001] .
[21] In summary, the NNE-SSW normal faults from the north MER (in S 1 -4 , B and P windows, Figure 3b ) result from WNW-ESE extension during the last 1.5 Ma, and were recently reactivated in strike-slip motion. By contrast, the recent WNW-ESE normal faults (in P-B and A windows) result from a Quaternary NNE-SSW extension associated to the Goba'ad rift segment propagation.
Analysis and Data Acquisition
[22] Our analysis permits the distinction of the different sets of faults described in section 3.1 (zones S 1 -4 , B, A and P-B, Figure 3b) . We base our quantitative analysis of faults using map traces and measurements of fault spacing, overlap, and lengths on high-resolution satellite images.
The normal fault traces were mapped on ETM+ (Enhanced Thematic Mapper Plus) Landsat 7 images, which are 15-mresolution panchromatic bands of the Earth's surface (source for this data set is Global Land Cover Facility). This horizontal resolution corresponds to the minimum photographic bias for fault detection, defined as the truncation bias, which has been estimated up front and not interpreted from the fault statistics. A summary of the problem resulting from interpreted detection bias is given in Figure 7 . A fault trace is identified on the satellite images by the change in fault pixel opacity and its specific rectilinear and segmented shape compared to the other geomorphologic elements. We assume that a pixel becomes opaque when two thirds of its surface are covered by a fault scarp trace ($10-m-thick horizontal trace). This assumption is particularly reliable for the identification of lineaments since they appear as aligned opaque pixels. Therefore a fault is estimated to be detected since the fault throw is of equivalent dimension $10 m, assuming $45°degree talus composed of a scarp (70°) and stable deposits (30°). Using the average value of T max /L ratio found by Gupta and Scholz [2000a] in the same area (0.015) and a fault throw of 10 m, we estimate that a reasonable truncation bias occurs for the length 600 m and then a resolution at fault end up to $300 m. In order to avoid any problem with truncation bias and to be unambiguously in the confidence interval of fault detection we increased this lower limit of fault detection to the round value of 1000 m (see Figure 7b ). This can be done because of the sufficient number and large dimension of the faults in this region. Note that a combination of the images with shuttle radar topography mission (SRTM) digital elevation models (DEM, 10 m vertical resolution, then of equivalent truncation bias) was used to have overviews of the topog- [23] The problem of fault censoring (upper bias) is resolved by the very large size of the studied window (larger than the fault population for rift segments, Figure 3) and/or by explicitly referring which fault is censored by sediment infill or in rare cases by the end of the studied window on the size distribution graphs. All the faults have been checked and reported as an open symbol on graphs if censored. Figure 7 shows the advantage of this method, which permits a real evaluation of the scale range of confidence of fault sampling compared to commonly interpreted bias ( Figures  2e and 7a ) and therefore objectivity on the quality of the statistical fit function (Figure 7b) .
[24] It is also important to note that we differentiate segmented (individual lengths) and linked array (total length) since we analyze the relationship between the scale of fault linkage and size distributions. When fault segments are linked, we measure the entire (total) length of the fault segment array [e.g., Soliva and Benedicto, 2004; Soliva et al., 2006] . We do not consider the fault branches of the relay zones, which is (1) consistent with the process of fault branch abandon after segment linkage [e.g., Trudgill and Cartwright, 1994] and (2) because abandoned fault branches do not affect the behavior of the newly created fault.
Fault Population Analysis
[25] Overviews and satellite image analyses of the characteristic fault geometries observed in the studied area are presented in Figures 5 and 6 . Some parts of rift segments exhibit distributed fault sets along multiple overlapping normal faults having little vertical throw (<200 m, e.g., fault set A in Figure 5 and fault set S 4 in Figure 6a ). On the other hand, frequently closer to the rift segment center, large Figure 6 . Landsat image and interpretations in map view of distributed and localized faulting in large windows of (a) fault system S 4 and (b) fault system P-B. Note the differences of fault lengths and the scale of fault linkage between the two fault sets.
inward facing faults (typically conjugate; see S 1 , S 2 and S 3 in Figure 3 ) form rift segment border faults implying strain localization with a maximum fault throw from 200 m and up to 600 m (e.g., fault set P-B in Figure 5 ), in which case the profile of topography is asymmetric (see the Goba'ad depression profile in Figure 5c) . Some rare rift segments of smaller strain do not show these large border faults and are only composed of distributed strain along small throw faults (Figure 6a ), as observed in parts of all other rift segments (e.g., Figures 5 and 6b) . Most of the rift segments are primarily associated with distributed strain along little throw relatively short faults and localized strain along large faults (Figure 6b ). This particular geometry of fault segmentation and size distribution is described quantitatively below.
[26] Figure 7 shows the cumulative size distribution frequency of all the faults studied. In Figure 7a we present the best fit (here a power law) of only the data belonging to a linear trend on log-log graph, whereas on Figure 7b , both exponential and power law best fits are presented for data contained between the estimated truncation and censoring bias. Figure 7 clearly shows that, depending on the sample used to fit a regression line, the power law can adequately explain the studied fault population. However, this data subset does not correspond to the full sample that can be taken with confidence, and therefore leads to an incorrect interpretation when using this apparent power law size distribution. The data sample that can be fit with confidence actually fails to reveal a good correlation with either power law or exponential relations.
[27] Relevant to the geometry of fault overlap and the spacing distance between which fault segments can link (see section 2), we consider that a fault can also bifurcate from a single plane into two branches, leading to an apparent linked relay. To avoid such a misinterpretation, for the linked segments on our overlap-separation graphs we only consider linked relays having (1) ''hook'' shape and not ''Y'' shape on map view, (2) subparallel faults linked by an oblique or perpendicular throughgoing fault, and (3) on the DEM, having a high topographic throw gradient along fault ends at the overlap zone. We also consider that the geometry of the linked relay zones could have been formed during late fault reactivation with a strike component of slip (see section 3.2). Calculations suggest that linkage is possible for a slightly larger scale for strike-slip fault tips than between normal fault tips [Crider and Pollard, 1998 ]. In this case, the spacing of the linked faults reported on graphs must be interpreted as the maximum possible spacing of linkage due to the normal fault development, i.e., the maximum spacing for the normal faults' ability to link.
[28] Figure 8 shows the overlap separation data statistics of all the linked and unlinked overlapping faults in the studied area. This diagram shows that, although the unlinked overlapping faults show generally larger values of spacing and overlap than do linked faults, there is no clear sorting between these two sets. Using such a graphic without distinction between the different fault rift segments and fault systems suggests that the entire fault population is in appearance statistically close to a localized faulting regime (i.e., having unreal scale-invariant size distribution and segmentation, see Figures 7a and 2c for comparison), whereas faulting is widely distributed in the studied area (Figure 3) . The brittle strain observed is distributed along different fault systems within a broad region of $1000 km 2 , which questions the relevance of such global analyses of all faults in same graphs without distinctions. Below we demonstrate that the absence of clear sorting between linked and unlinked faults (Figure 8 ) and the apparent power law size distribution (Figure 7a ) are due to the analysis of data combined from different areas and rift segments that actually require separate analyses.
[29] To investigate this issue, we present the data of overlap-separation and cumulative length frequency diagrams in Figures 9 and 10 for each mapping window shown in Figure 3 (see section 3. 2). Figure 9 shows that, in general, there is a sorting between the linked and unlinked overlapping faults. We statistically determine a critical value of spacing (S*) as the value of spacing having the same deviation factor (x labeled on the graphs) between each average spacing of linked and unlinked sets (see Appendix A for calculation). For example: for x = 1 (i.e., the standard deviation 1s), $84% of the white and black dots are respectively less and over S*. For x = 2, $97.5% of the white and black dots are respectively less and over S*. It appears that this value can be quite different in each fault set and can vary as much as a factor of $2.6.
[30] The quality and significance of the sorting between the linked and unlinked faults can be evaluated by the relative values of x (high x means a good sorting) and the ''jump in the scale of linkage'' (d, explicitly defined by the equation in Figure 9h ). This jump d corresponds to the normalized difference between maximum spacing of linked faults and S* (i.e., low d means no large-scale linkage). It is interesting that when a good sorting is observed between linked and unlinked faults (see especially Figure 9g , having very high x and relatively low d, and also Figures 9d with relatively high x and very low d), the size distribution of the fault set is best fit by a negative exponential relation (Figures 10g and 10d ). This shows quantitatively how fault linkage is restricted to a small spatial scale, which is marked by a different critical spacing in each case. In addition to these characteristics, the fault sets S 4 and A show widely distributed strain along faults having small topographic throws; that is, there is no border fault localizing the brittle strain (Figures 5a,  5c , and 6a). Some examples of this small-scale fault linkage for the fault set A are presented in Figure 5d , in which we recognize a very large overlap between unlinked faults (also see Figure 6a ). These detailed fault system observations and scaling relations allow us to demonstrate the correlation between scale-dependent behavior and widely distributed strain summarized in section 2.
[31] On the other hand, other fault sets in the area show more ambiguous limits of linkage (see especially the fault set P-B, having very low s and very high d, Figure 9f ). These fault sets show size distributions that are much better explained by two best fits: An exponential distribution at small scale and a power law at large scale, rather than a single power or exponential fit (Figures 10a, 10b, 10c, 10e  and 10f) .
[32] The power law portion of the data is determined with the following condition: it must be a data sample fitting a power law with a least squares determination coefficient R 2 > 0.9 within the (large) scale range containing all the border faults (noted by white arrows in Figures 9  and 10) . Conversely, the exponential portion corresponds to the sample out of the power law portion, which is systematically best fit by a negative exponential function. Note that this fit always shows R 2 > 0.97. The power law size distribution can be either well developed (Figures 10e  and 10f ) or incipient (Figures 10b, 10c and caption text). Owing to the limited number of the faults used for the incipient power law fits in S2 and S3, the quantitative values in the equations and determination coefficients of these portions have no statistical strength, although the incipient linear trends (onset of power law) have obvious structural significance. There are actually few faults in these portions because they correspond to incipient border zones (not as well developed in S2 and S3 as in B, P-B or S1; see section 4.2 for the interpretation of the rift segments evolution). These samples, entirely composed of border faults, are linear and show clear steps from the exponential portions (also see section 4.2 for discussion on this step).
[33] It is important to note that all the power law portions contain a major proportion of large rift segment border faults (Figures 10a, 10b , 10c, 10e and 10f, and also see Figures 5b and 5c ). These large faults contain the largescale linked segments of Figures 9a, 9b , 9c, 9e and 9f (marked by an arrow). This jump in the scale of linkage and the scale-invariant behavior therefore both characterize the rift border zones (Figures 5b, 5c, 5e and 6b ). An example of large-scale linkage along the Goba'ad border fault is shown in Figure 5e , along which coalescence occurs for spacing up to $2 km. Along these fault sets (S 1 , S 2 , S 3 , B and P-B) we can thus identify the coexistence of distributed and localized faulting regimes. Figure 6b shows in map view the detailed pattern of a fault set that exhibits these two regimes. The border faults have large-scale linked segments that promote topographic throw localization along them. On the other hand, wide zones of distributed faulting around border faults are characterized by faults having small-scale linkage and large overlaps comparable (qualitatively and quantitatively) to the fault sets A and S 4 (see Figures 5a, 5d and 6a) .
[34] The results demonstrate that the statistics from the whole study area (Figures 7 and 10 ) combine different superposed trends (Figures 9 and 10 ). All faults on the same graph of size distribution define a multi exponential size distribution (different scales of characteristic lengths) with a small component of the data better fitting power law trends which are inherent to each region. This results in an apparent power law with a smooth deflection for small faults that could, in the absence of detailed study of the individual fault geometries such as done in this paper, be misinterpreted as a truncation bias (Figure 7 ). This study area provides reliable examples of the coexistence of both distributed and localized faulting regimes in the Earth's crust [Gupta and Scholz, 2000a] . We have shown that the localized faulting regime corresponds to large-scale fault linkage and power law size distribution inherent to the rift segment border zones, whereas distributed faulting reflects widely overlapping smaller throw faults covering wide areas with exponential size distribution around the border faults. A given rift segment is therefore spatially characterized by a jump in the scale of fault linkage that contains information on its rheology, structure, and history.
Discussion
Depth of Faulting
[35] In section 2, we have shown that, in all the cases of distributed faulting regimes (i.e., fault populations characterized by a negative exponential size distribution and a critical spacing for fault linkage), the fault system is confined to a mechanical layer [e.g., Cowie et al., 1994; Spyropoulos et al., 1999; Ackermann et al., 2001; Schultz and Fossen, 2002; Soliva et al., 2006] . Although the scale of deformation, the structural context (rift system), and the lithology (basalts in the continental crust) are different than the examples presented in section 2.2, the MER-Afar transition area exhibits a large part of the brittle strain in a similar scale-dependent manner. We therefore infer that a significant proportion of the faults observed at the MERAfar transition are confined to brittle mechanical layers. Since the degree of heterogeneity between layers has no significant effect on the variability of the values of S* compared to the thickness of the mechanical layer [Bai and Pollard, 2000; Soliva et al., 2006] , we suggest that such a mechanical layer should be of different thickness in each studied fault set. Soliva et al. [2006] , from a numerical approach, proposed a theoretical relation between the critical spacing and the thickness of the mechanical layer confining the faults, consistent with an empirical relation based on different fault systems on a broad range of scales. Using this relation (the mechanical layer thickness T = S*/ (0.26 ± 0.016)), we have estimated the values of mechanical thickness in each studied fault set (Figure 3c ). We find a depth of faulting progressively increasing from $1.76 km (S 1 ) in the west to $2.54 km (P-B) and 2.40 km (P) in the east. Using the maximum thickness expected in this eastern area, the fault depth decreases toward the north to $1.66 km in the Abeh Bad region (A) with a more gradual decrease toward the southwest along the MER axis to $1 km (S 4 ).
[36] All the depths estimated from the distributed faulting regime unambiguously indicate intra brittle crust mechanical units. In the stratigraphy of the MER-Afar transition area (Figure 4) , the volcanic series appears as the unique potential candidate to behave as a mechanical unit of this kilometric (1 -2.5 km) scale of thickness. The Trap series is mainly a series of massive flood basalts that erupted in two main pulses (Eocene-Oligocene and Miocene [Courtillot et al., 1999; Baker et al., 1996] ). It is documented as originally covering an area in excess of 500,000 km 2 [Mohr and Zanettin, 1988] and formed a 1-to 2-km-thick carapace of flood basalts over the MER-Afar depression [e.g., Baker et al., 1996; Hofmann et al., 1997] .
[37] As mentioned in section 3.3, 200 m is the maximum value of surface throw for the ''nonborder zone'' faults, i.e., the faults interpreted as cutting the traps and not the entire brittle crust. Using a fault downdip height H = 2000 m, calculated for a minimum basalt thickness of 1.7 km (500 m stratoid + a minimum of 1200 m traps) and a fault dip of 60°, the maximum downward displacement gradient found is D max /H = 200/2000 = 0.1. Because the faults cut the Earth's surface, this value can be considered as the displacement gradient of a half fault. The common (statistical) values of different types and systems of faults have been documented in the literature to be approximately D max /L = 0.03 [e.g., Schlische et al., 1996; Schultz and Fossen, 2002] . To compare our vertical gradient (i.e., half fault) with the D max /L ratio of the literature we must consider the value D max /2H = 0.05. This value is consistent with typical fault gradients (i.e., a little higher than 0.03), first because we consider the maximum value observed on all the ''nonborder zone'' faults, but also because downdip gradients are commonly larger than typical along-strike gradients in horizontal series of layered rocks [Wilkins and Gross, 2002; Soliva et al., 2006] .
[38] In addition to this estimate of the amount of displacement, field observations are consistent with strain decoupling at the base of the Traps. Juch [1975] documents the geometry of tilted blocks along the southeastern Ethiopian escarpment (major border fault zone), with many faults that do not cut entirely the Gabreda Antalo limestone series. It is therefore possible that in the MER-Afar transition area this unit has decoupled the brittle strain above by restricting downward propagating faults initiated in the overlying brittle Traps.
[39] On the other hand, the faults that are characterized by power law size distribution and large-scale linkage, which belong to border zones (large throw faults), should be of much larger depth and perhaps cut the entire brittle crust. This inference is supported by the spacing between conjugate border faults in rift segments (5-6 km spacing) that probably intersect close to the base of the brittle crust (probably 5-6 km depth). With respect to a half fault downward displacement of 0.1 (see above), we expect a fault depth to $5.2 km (i.e., a fault height of 6 km and 60°dip) using a value of fault displacement of 600 m. This maximum value of throw observed on border faults is potentially an underestimate of displacement due to erosion and sediment infill (see Figure 5e ). At the MER-Afar transition area the lithosphere is only represented by a thin crust, which is probably of $10 km thickness and potentially even thinner at the incipiently spreading rift seg-ments [Kebede and Kulhanek, 1991; Ebinger et al., 1993] . Large-scale linkage and power law size distribution (as observed in the localized regime) is in the MER-Afar transition area a large-scale phenomenon (faults segments having L > 10 km, Figure 10 ) and therefore quantitatively describes the process of continental rifting. The fact that large-scale linkage is favored along border faults of large topographic throw (e.g., Figures 5b and 9 ) is particularly well expressed along the border fault (in a strict sense) between the Asella-Sire and Arboye large fault segments of the southeastern MER escarpment. Keranen et al. [2004] show tomographic crustal fault sections in this area through what can be interpreted as one of the largest linked normal fault relays ever identified. Here the faults probably affect the entire layered crust overlying a hot and viscous mantle, producing a hierarchy of scales of normal faulting in the northern MER.
[40] Bellahsen et al. [2003] have shown, with both analogue and numerical simulations of elastic-brittle plate extension over a viscous material, that strain localization is enhanced for slow extension rates. For the northern MER, geodetic data indicate that the ESE-WNW extensional strain velocity over the period 1972-1992 is less than 8 mm/a [Asfaw et al., 1992] , and in the Afar depression in the strict sense the NE-SW extension velocity (i.e., corresponding to the Arabia and Somalia plate separation) is less than 20 mm/a. In the study area, extensional strain velocities are relatively slow and are associated at the large scale (i.e., the faults that can be influenced by the viscous behavior of the lower crust) with localized faulting (Figure 1a ). This localized style of continental extension contrasts with the distributed faulting behavior observed at mid-ocean ridges such as the East Pacific Rise.
Four-Dimensional Rift Segment Evolution
[41] We have described the coexistence of two brittle strain regimes, their spatial distribution, and their origin in terms of mechanisms of fault growth. However, it is also important to discuss the temporal sequence of the faulting regimes observed. Although the differences in exponential and power law size distributions between the fault sets are due to variations in brittle crust heterogeneity, they also evolve with the amount of fault system strain [e.g., Cowie et al., 1995; Ackermann et al., 2001] . We observe that, where border fault zones are well developed (fault sets B and P-B, length >50 km and $500 m topographic throw on fault zones less than 5 km wide, Figure 5 ), the size distribution shows a predominantly power law trend and a large scale of segmentation (Figures 9e, 9f, 10e, and 10f) . Conversely, where border zones are less developed (less than 50 km in length, S 1 , S 2 and S 3 ), the power law part of the size distribution is less well expressed. Where border zones are absent, no power law size distribution is observed and an exponential function fits correctly the data.
[42] The observation of small throw faults cut by the large border faults (see Figure 5b) shows that the border zones formed late in the process, leading to the localization of faulting along several preexisting faults by largescale linkage (Figure 11 ). This sequence of fault development contrasts with scale-invariant system development, where stress shadowing around the largest faults inhibits fault nucleation and lateral propagation, leading to zones with few faults around the master (or border) faults [e.g., Aydin and Schultz, 1990; Cowie et al., 1995; Ackermann and Schlische, 1997; Cowie and Shipton, 1998] . The temporal sequence shown in Figure 11 is therefore a reasonable explanation for why faults with small topographic throw are frequently observed in the close vicinity of the border zone and sometimes linked with them (see Figures 5b, 5e, and 6b ). In addition, this sequence of deformation can explain the details of fault segmentation along the border fault zones. First, large scatter is observed in values of O v -S (especially large O v /S ratios up to $10) on several faults linked with the border faults (Figures 5e and 6b ) compared to the values commonly observed for linked faults [e.g., Aydin and Schultz, 1990; Soliva and Benedicto, 2004] . Second, the border faults are composed of linked fault segments whose lengths are consistent with the maximum length observed in the exponential part of the size distribution (see the linked fault segments along the border faults of Figure 6b ). The border faults were apparently initiated as part of distributed faults (vertically restricted) of the mechanical unit (stages 1 and 2, Figures 11b and 11c ) that then coalesced during a later stage, forming border faults proper and thereby allowing crustalscale strain localization (stage 3) (Figure 11d ). This localization sequence (border zone formation) is consistent with the increase of fault depth and promotes an increase in the scale of fault linkage [see Soliva et al., 2006] . The up scaling of fault linkage allows the birth of few very large faults and therefore of the power law size distribution at large scale (Figure 11a ). This sequence is marked by a clear step between the exponential and the incipient power law size distributions observed in Figures  10b, 10c and 10d , and corresponds to new large faults created by large-scale linkage (Figure 11d ). Development of fault localization leading to the formation and propagation of the rift border zone probably attenuates this step by promoting fault linkage on a wider scale range, as observed in areas B and P-B (Figures 9 and 10) .
[43] Our results show that MER-Afar rift border faults are characterized by large-scale fault linkage (Figure 11d) . We therefore identify a transition from an exponential relation (consistent with faults contained within the basalt traps' thickness) to a subsequent power law relation when the faults cut a larger section of the crust (Figure 11a ). This suggests that at large scale, a transition from exponential to power law is possible, which differs to the more limited case for faults entirely confined into a single layer [Ackermann et al., 2001; .
Conclusions
[44] Fault systems in extensional settings are characterized by localized or distributed patterns. Distributed faulting is characterized by an exponential size distribution and a critical maximum spacing for which fault segments can link, whereas localized faulting is characterized by a power law size distribution and fault segments able to link at a larger range of scale. Their occurrence is dependent on the mechanical stratification of the deforming rock mass, and hence the minimum fault dimension, and these processes are observed in different structural settings as well in the sedimentary cover as at the crustal scale.
[45] The MER-Afar transition area reveals that both localized and distributed faulting can coexist in the same fault system, and that each one corresponds to a specific structure of the rift. Distributed faulting is observed in wide areas around rift segment border faults and is probably governed by the thickness of the brittle volcanic series (mainly Ethiopian traps and stratoid series). Localized faulting associated with the rift segment border zones show fault segments able to link up at fault spacings up to a kilometric scale. The formation of rift segment border zones is therefore characterized by a jump in the scale of segmentation and coalescence. The MER-Afar transition area exhibits strain localization along rift segment border faults in a context of relatively slow strain rates. This continental environment contrasts with the scale-dependent distributed strain behavior observed at mid oceanic ridges.
[46] These results are important for fault growth models and fault system geometry prediction, for which a scale-invariant regime has been assumed since the past decade. For example, it is obvious that in each faulting regime evaluated in this paper, the localization of the seismicity along isolated faults, between overstepping faults or in a longer term, along the entire fault system will be different since stress interactions and linkages are not necessarily self-similar.
[47] We have also shown that what appear to be censoring and truncation biases can actually be real scaling properties of the fault system. We propose that the confidence on the data sample used can be constrained by estimating the upper scale of truncation bias and indicating which fault is censored on the graphs. Multi-scale-dependent regimes can appear as a scaleinvariant behavior on cumulative size distribution and D max -L graphs if different fault system geometries are plotted together. Our work suggests that this problem can occur if the size of the study window is much larger than that of lateral variations of the rock rheology and fault system geometry. This is particularly important for any work attempting to discuss fault growth models, calculate brittle strain, or predict fault lengths on the basis of empirical scaling relations.
Appendix A: Calculating S*
[48] Here we show how the value of critical spacing (S*) is determined statistically between two populations of spacing data. Figure A1 shows a graph of N (number of data) versus S (spacing) with all the parameters needed for calculation.
[49] S* is calculated from means (m 1 , m 2 ) and standard deviations (s 1 , s 2 ) values from both populations of spacing values. From Figure A1 , S* can be explicitly written as
The positions on abscissa of the values a and b are explicated by
Substituting equations (A2) and (A3) into (A1) gives
This equation was used to calculate S* in Figure 9 .
[50] S* can also be written as a function of xs 1 and xs 2 such as
These equations were used to calculate x in Figure 9 . Here x = 1 means S* is determined at the standard deviations s 1 and s 2 from m 1 and m 2 , respectively. Since the standard deviation explains $68% of the data, $84% (68 + 32/2) of the white and black dots are respectively less and over S*; x is therefore an indicator of the quality of data sorting between the two spacing populations.
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